Abstract: Dehydroalanine( Dha) and dehydrobutyrine (Dhb) are remarkably versatile non-canonical amino acids often found in antimicrobial peptides. This work presents the selectivem odification of Dha and Dhb in antimicrobialp eptidest hrough photocatalytic activation of organoborates under the influence of visible light. Ir(dF(CF 3 )ppy) 2 (dtbbpy)PF 6 was used as ap hotoredox catalyst in aqueouss olutions for the modification of thiostrepton and nisin. The mild conditions and high selectivity for the dehydrated residues show that photoredoxc atalysis is ap romising toolf or the modification of peptide-derived naturalproducts.
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Site-selective modificationo fp eptide-derived natural products is ap romising strategy to obtain new therapeutics. However, potentially interesting targetsa re often products of sophisticated biological post-translational machineries, and therefore difficult to modify by means of common bio-orthogonal chemistry [1] or bio-engineering approaches.
[2] Many of these structuresc ontain unique non-canonicala mino acids, which are attractive targets for late-stage chemical modification. Particularly interesting residues are dehydroalanine (Dha) and dehydrobutyrine (Dhb). These are commonly foundi nr ibosomally synthesized and post-translationally modified peptides (RiPPs), such as the lanthi-and thiopeptides, which are of interest due to their antimicrobial activity.
[3] The unique orthogonal reactivity of the doubleb ond in these dehydrated aminoa cids is used by naturet oi ntroduce, for example, lanthioniner ings and piperidine moieties. It has been shown that residuald ehydrated residues can undergo av ariety of chemical modifications; [4] however,c atalytics trategies are scarce. Catalytic activation of an unreactive precursor could provide new strategies for modification of the complexp eptides under mild conditions.H ere, we present the selectivel ate-stage modificationo f Dha and Dhb in antimicrobialp eptides by photocatalysis, using trifluoroborate salts as radical precursors.
In recent years, photoredoxc atalysis has emerged as am ild method for visible-light-induced activation of small molecules. [5] Furthermore, photocatalysis is compatible with peptides and proteins,asw as shown in the photocatalytic induced formation of peptidem acrocycles, [6] site-selective modification of cysteinei np eptides, [7] trifluoromethylation of peptides, [8] and decarboxylative alkylationo fp roteins. [9] Typically,c yclometalatedp olypyridyl iridium complexes or bipyridyl ruthenium complexes generate organic radicals by oxidative or reductive quenching of their excited states.P recursors like organoborates,w hich are harmless anda ir-and moisture-stable compounds, are known to generate carbon-centered radicals upon oxidation by an excited photocatalyst. These radicals react readily with electron-deficient alkenes. [10] Considering the electron-deficientc haracter of Dha, together with the orthogonal reactivity of organoborates, and the mild conditions of visiblelight irradiation, we envisionedt his method could be employedf or photocatalytic modificationo fD ha and Dhb in natural antimicrobial peptides (see Scheme 1).
Initial studies focused on the photocatalyticm odification of the Dha monomer (1a)w ith potassium (p-methoxyphenoxy)-methyl-trifluoroborate (2a)( see Ta ble 1). Different commonly used photocatalysts like Ir(ppy) 2 (dtbbpy)PF 6 (5), Ir(dF(CF 3 )ppy) 2 (dtbbpy)PF 6 (6) , and Ru(bpy) 3 Cl 2 (7)w ere evaluated fort his reaction in aqueous solution mixed with various amountso fo rganic co-solvent under the influenceo fb lue light (LED 410 nm) for 16 ha tr oom temperature. Catalysts 5 and 6 were found to be insoluble in most of the aqueous mixtures (Table S1 , Supporting Information), resulting in precipitation of the catalysta nd therewith no formation of product 3a was obtained( Ta ble 1, entries 1a nd 2). Photocatalyst 7 is waters oluble, but no product formation was observed either (entry 3). Only in the case of 50 %a cetone (aq), 50 %1 ,4-dioxaScheme1.Chemical modificationofD ha and Dhb in peptides by photoredox catalysis. ne (aq) and 100 %D MF with catalyst 6 conversion to 3a was obtained (entries4-6). In the case of the Dhb monomer (1b), the corresponding product 4a was obtained( entry 6). Control reactions in which the reaction was performed in the dark, withoutc atalyst, or with addition of radicals cavenger TEMPO, resultedi nn oc onversion,i ndicating the organoborate is indeed converted into ar adicals pecies by means of photoredox catalysis (entries 8-10).
The photocatalytic reaction was then tested on Dha and Dhb in ap eptide. The antimicrobialp eptide thiostreptoni sa hydrophobic thiopeptide, soluble in apolar solvents like chloroform, 1,4-dioxane,a nd DMF, which is comparable with the conditions found in the screening. Thiostreptonw as therefore mixed with 2a (6 equiv,1 .5 equiv per dehydrated amino acid), and 10 mol % 6 in aqueous 1,4-dioxane (9:1 (v/v)). The presence of water was required to fully dissolve the trifluoroborate salt. The reaction mixture was irradiated with blue LEDs for one hour,a fter which an aliquot of the reaction was analyzed by LC/MS. Single-and double-modified thiostreptonw ere observed as main products. Extension of the irradiation time by another two hours gave rise to triple-and quadruple modification of the peptide, which corresponds to the total number of dehydrated amino acids present.
The scope of the reactionw as investigated by varying the trifluoroborate salts. It was found that the reaction is significantly affected by the substituents present on the aryl ring of the substrate (see Figure1). Electron-donating groups result in (almost) full conversion of the startingmaterial(8a-c), whereas fewer electron-donatingg roups on the aryl ring slows down the reaction, resulting in mostly single modification and remaining startingm aterial( 8d-f). This might be due to the nucleophilicity of the generated radicals, or the difference in electrochemical potential to generate radicals from the trifluoroborate salts. Moreover,t he oxygen next to the carbon-centered radicalt urned out to have ab eneficial effect on the reaction. By using substrates that lack the heteroatom, the reaction was much slower (8g), resulting in no conversion (8h)o ri nd egradation of the peptide. In the absence of the aryl moiety,o nly degradation products wereo btained (Table S2 , Supporting Information).
To determine the site of modification, single-modified thiostrepton product 8c was purified by rp-HPLC,a nd studied by 1a
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Reaction conditions:amixture of 1 (10 mm), 2a (20 mm), and photocatalyst (2 mol %) dissolvedo rs uspendedi nt he degasseds olvent mixture, and irradiated with blue LEDs for 16 ha tr oom temperature.
[ a] Conversion and yield determined by 1 H-NMRwith20 mm internals tandard 1,3,5-trimethoxybenzene.y ield in parentheses;[ b] reaction performedi n the dark; [ c] reaction performed in the presence of TEMPO(10 mm). Figure 1 . Schematic representation of the photocatalytic reaction on thiostrepton.Dha residues are depicted inr ed and Dhb residuei no range. Scopeo ftrifluoroborate salts for photocatalytic modification of thiostrepton, optimized conditions: thiostrepton (500 mm), trifluoroborate salt (3 mm), and 6 (50 mm)in4 00 mL1,4-dioxane/ water (9:1)irradiated with blue LED (410 nm) at room temperature for 3h.Single modification (*), double modification (**),and triple modification (***) is observed. Conversion (in parentheses) is calculated based on integrationo fthe EIC of the corresponding product dividedb yt he sum of the areas of all compounds, assuming that ionization is similar for all products, which are structurally very similar. [11] Chem.E ur. J.2018, 24,1 1314-11318 www.chemeurj.org 2018 The Authors. Published by Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim to the four b-protonso fD ha-16 and Dha-17,t he dehydrated residues in the tail of the peptide. The signals of the other double bonds in the peptide( i.e.,D ha-3, Dhb-8, piperidine-14, and quinaldica cid-0) remained unchanged, whichi ndicates that the peptide is modified at aD ha in the tail. 2D NMR TOCSY measurements confirmed the modification to be at Dha-16 ( Figure S1 c, SupportingI nformation). These results show the photocatalytic modification to be selectivef or the dehydrated amino acids. Moreover, the reaction is chemoselective for Dha-16, which is known to be the most electron deficient dehydrated residue due to it being situated next to a thiazolering. Single modification at otherp ositions is observed in the UPLC chromatogram of the crude reactionm ixture (Figure 2a ), but these products are formed only in low yields, as can be calculated from the low intensity of the peaks of these products.
To show the versatility of our approach, the lantipeptide nisin was subjected to the photoredoxc atalysis. Nisin is less hydrophobic than thiostrepton. Hence, the photocatalytic reaction on nisin was performed in 1,4-dioxane or acetone with 50 %w ater containing 0.1 %A cOH (aq). Nisin was reactedw ith 2a (4.5 equiv,1 .5 equiv per dehydrated residue),c atalyzed by 10 mol % 6.A fter irradiation with blue LEDs for 1h almostf ull conversion to triple-modified nisin was obtained,a sc an be seen from the MALDI-TOF spectrum (Figure 3b) . Exploration of the scopeo ft he reaction on nisins howed as imilart rend as in the case of thiostrepton (see Ta ble S3). The best results were obtained when both the aryl ring as well as the heteroatom adjacent to the carbon-centered radicala re present( 9a-c). Less donating substituents on the phenyl ring result in lower conversion and mainly single-modified product (9b,c). Organoborates with less electron-donatings ubstituents like halogens resultedi nn oc onversion at all (9d,e). Addition of TEMPO as radicals cavenger gave unmodified starting material, confirming the involvemento fr adicals peciesa nd showing that the Figure 2 . Determination of modification site in thiostrepton;a)UPLC chromatogram (280 nm) of crude reaction mixture 8c:degr. = degraded thiostrepton duetobase-mediatedtailcleavage, [12] s.m. = starting material, * = single-modified thiostrepton, mixture of two diastereomers, ** = double modified thiostrepton; b) UPLC chromatogram(280 nm) of purified 8c; c) NMRstudies on photocatalytically modifiedthiostrepton (8c,orange) compared with unmodified thiostrepton (blue).Z oom in of 5-7 ppmto shows ignal shifts of Dha-17 and signal disappearance of Dha-16. Figure 3 . a) Schematic representation of the photocatalytic modification of nisin;b )MALDI-TOF measuremento ft he crude product of the photocatalytic modification of nisin with 2a I) degraded Nisin(CH 2 OPhOMe) 2 due to watera ddition followed by hydrolytic cleavage of the C-terminal region, [13] To determinet he selectivityo ft he photocatalytic modification of nisin, triple-modified product 9a was studied by NMR spectroscopy.T he 1 H-NMR spectrum of this product revealed that the peaks of Dha-5 (5.35 and 5.48 ppm), Dha-33 (5.60 ppm), andD hb-2 (6.51 ppm) had disappeared (see Figure 4a) . Hence, the photocatalytically generated radicals react selectively with the dehydrated amino acids in the peptide, yieldinga nO-phenylhomoserine (OPhHse) residue.T oc onfirm the presence of this newly formed residue, modified nisin (9c) was hydrolyzed in am icrowave oven in 6 m HCl (aq) to study the amino acids present. The hydrolysate was reacted with Marfey's reagent (1-fluoro-2,4-dinitrophenyl-5-l-alanine amide (FDAA)). [14] Analysis with LC/MS andc omparison with FDAA-derivatized OPhHse confirmedt he presence of OPhHse in 9c. (see Figure4b) .
In conclusion, we have demonstrated that visible-lightdriven photoredoxc atalysis is an efficient and mild catalytic methodf or the selective late-stage modification of dehydrated amino acidsi na ntimicrobialp eptides. Dha and Dhb react selectively with the carbon-centered radicals generated from organoborates with only 10 mol %c atalyst loading in aqueous conditions. This study illustrates the potential of photoredox catalysis for the late-stage modificationofcomplexactive natural products and ist herefore ap romising tool in the quest for new antibiotics.
Experimental Section
Generalp rocedure of photocatalytic modification of thiostrepton Catalysis was performed in dioxane/H 2 O( 9:1) with af inal concentration of 500 mm peptide, 2mm organoborate, and 50 mm catalyst. At ypical catalysis reaction was set up as follows:T hiostrepton (0.2 mmol in 316 mLd ioxane) and 80 mLo fa10 mm organoborate stock solution (dioxane/H 2 O1:1) were combined. 4 mLo f5m m catalyst stock solution in DMF was added in aS chlenk vial. The mixture was degassed by three repeated freeze-pump-thaw cycles. The Schlenk was placed under nitrogen atmosphere and exposed to blue LEDs for 3h at room temperature. The reaction mixture was analyzed by UPLC/MS TQD directly.
